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 Understand the QCD
radiation evolution within jets

 Jet Mass : Asimple
observable for testing QCD

« Jet Substructure : Helps
identify jet flavor and
properties

* Theoretical findings are

motivating new
measurements

* Improve modeling of Jets in
monte Carlo Generators
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Jet Observables

O

» Studies of the following observables will help us to expand our

YYY
AAA

understanding of jets: | 9}:.
Fixed Order

 Jet Mass
* Ungroomed >
» Groomed
* Soft-Drop Grooming

« Jet Substructure \

YYY
AAA

* Soft-Drop Multiplicity Fixed Order
* N-subjettiness

« Eccentricity =
» Generalized Angularities
 Energy Correlation functions
Q

See lain’s talk for comparable ATLAS measurements
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Jet Mass Calculations

O
*Dimensionless pdo «o,Cp (. 1 3\ - “‘?‘,(‘7;1’ (111‘2 S—5n —+O(1))
Jet Mass at ——~ —— | In-—-])e ? 2
NLL - o dp T p 4
m2 » Ungroomed jet mass « Soft Drop (MMDT) groomed
) = ————  «contains contributions from jet mass
Ds R 2 soft and collinear emissions * Removes part of soft and
- Sudakov peak collinear contribution
* gives theoretically
controlled result
hadronisation summary (quark jets) UE summary (quark jets)
m [GeV], for p, =3 TeV, R=1 m [GeV], for p, =3 TeV, R =1 * recently calculated at
o T — e NNLO + NNLL :
plain mass g Plain mass
trimmer +»++- o Ll Trimmer -+ | » JHEPO07(2016)064
2 N pruning = = = | \2' pruning = = = .
< \ e Y-pruning — - — g Y-pruning — - = e arXiv:1603.06375
E 15} \\ ¢ T mMDT (zgy) = == - 8 15 mMDT — == -
E’ i g 1 ,..._.....,.’_ _%—- ..... .
8 £ ..'-{..- 7
< 2 b0 " 7/
5 05 -’ .
g Q
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p = m’/(p{ RY) p = m?(pf R?) 4 + 3

JHEP09(2013)029 L t


https://inspirehep.net/search?p=find+eprint+1711.08341
https://doi.org/10.1007/JHEP07(2016)064
http://arxiv.org/abs/arXiv:1603.06375
https://doi.org/10.1007/JHEP09(2013)029
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* To remove some of the soft (z.,, ) and collinear ( s ) radiation it is useful to
groom the jet using the Soft-Drop procedure.

JHEPO05(2014)146
- Begin with a Jet e.g. Anti-KT * Imagine the Ca_SGO1 | -0
* Re-cluster using the Cambridge/Aachen Seur = 'O 1 B
algorithm Z> U

* At each clustering stage:
* Define the momentum fraction:
_ min(pry, pra)

Z ==
Pr1+DPr

* Keep the subjet if :
7> Zcut H f 5
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Didet Mass Measurement at CMS .

JHEP11(2018)113

* CMS has studied jet mass for events where :

* At least 2 Anti-KT R = 0.8 jets exist

«Jet P, > 200 GeV

o (Pr1 — Pr2)
. Jets are similar in momentum : ——2 < 0.3

(pr1+Pr2)

/4
- Jets are spatially well separated : A(¢; — ¢,) > B

* Measure normalized double ( p_, [m, | |m,]) differential
production cross section: ¢

1 d?o
do/dpr dprdm

(1/GeV)

* This yields a jet sample which is quark-gluon admixture
enriched
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Didet Mass Measurement at CMS .

CMS 2.3t (13 TeV)
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PhysRevD.98.092014

*CMS has studied jet substructure observables for events where :
*At least 4 jets with R=0.4 and pr > 30 GeV

*At least 2 jets b-tagged with CSVv2 algorithm
At least 2 un-tagged jets
*Sum of their masses within 15 GeV of W mass range
Exactly 1 isolated electron (muon) exists with: py > 34 (26) GeV

*This yields bottom quark enriched as well as light quark enriched samples
*Observables studied : P’L
«Soft-Drop Multiplicity
«Generalized Angularities g
*N-subjettiness
*Energy Correlation Functions
*Eccentricity
«Strong coupling constant extraction

\ See Juska’s talk for more information
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e Jet Substructure Observableso

(J2)
: pP
« Groomed Momentum Fraction ; =<
& P;(]O)
* Closely related to QCD spilitting function
* Independent of strong coupling constant to 1st order
PhysRevl ett.119.132003
0 "} CMS 2010 Open Data ]
: Theory (MLL; all) | 2, =01 ——
F —— Pythia 8.219 ; '
1do e (L - Herwig 7.0.3 e
sdz. 56 |k 0 e Sherpa 2.2.1 E
9t PEFC > 1,0 GeV ]
4;— AK5; ] < 2.4 ]
3;— Py’ > 150 GeV -
o mMDT/SDj o ¢ Zew = 0.1 1z 1 zg +1
1f 1 plzg) 3 - 1
s 2 (chut ) + 2 log zc’zL:JtUt.
Q\
0 .
Track z, 7 \‘
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- Sroomed (o)
» Soft Drop Multiplicity roome _ D
Momentum—— 7 = :
* Number of branchings in clustering tree for which: Fraction & D z(]O)
AR\ 7# /
ARg > gcut & “g 7 Teu Ry
PhysRevD.98.092014
* For simplicity imagine the case :
ﬂ — O Zcut - 01 ecut - 0
— 7 =02
+ This simplifies to just : ’ 2y =0.29
z, > 0.1
8
* In this example : G =01
Q\
» Strong FSR dependance
10 « 3
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l‘f Substructure Measurement at CMSo

« Soft Drop Multiplicity

dN,, /d g,

-
2

1/N

» Number of branchings in clustering tree for which: AR, > Oy & %&~ Zeut (R—o
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PhysRevD.98.092014 35.9 b (13 TeV)
—CMS Preliminary - pata
- it —|> lepton+jets —&— POWHEG+PYTHIA 8
—inclusive jets A —FSRup
- P> 30 GeV v —FSRdown
--3- POWHEG+HERWIG 7
~.6--- SHERPA 2
-4~ DIRE NLO

Ngp (Charged)

ARg)ﬁ

» Shown here for :
 semi-leptonic top-antitop events
« JetradiusR=04
 Soft-Drop parameters :

Zewt = 0007, B = —1, Byt = O
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e Jet Substructure Obser\/ables0

AR (i, i) \ P
. ‘e .10
» Generalized Angularities ZZ ( Ay = N
* Momentum fraction per particle injet: Z; — p’T/ Zi plr PhysRevD.98.092014
«— 7 = 1
= 0.1
¢ «— I = 07
z=0.05 «— 7z=0.2
) z=0.5
Q
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l‘f Substructure Measurement at CMS
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Jets

MC/data

» Generalized Angularities
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» Momentum fraction per particle in jet :
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- inclusive jets

- p, > 30 GeV

'II|IIII|II|I|IIII|I

—&— Data
—s— POWHEG+PYTHIA 8

A —FSRup

v —FSRdown

- POWHEG+HERWIG 7
--—--- SHERPA 2

--=%-- DIRE NLO

Ay (N) (charged)

20 25 30



https://doi.org/10.1103/PhysRevD.98.092014

University at Buffalo
College of Arts and Sciences

s X
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1N N,/ d2]  (LHA)

» Generalized Angularities

AR (i,7,) \P

ﬁ—Zz R

» Momentum fraction per particle in jet :

i i
Z: == / .
PhysRevD.98.092014 359" (13 Tev) ! p T ZI p T

- CMS Preliminary ~ —— pata

- tt— lepton+jets —s— POWHEG+PYTHIA 8
L inclusive jets A —FSRup
- P >30 GeV vV —FSRdown .
4 -=- powreasHerwia7 | @ Les Houches Angularity (LHA)
--%--- SHERPA 2 .
s -+ae-- DIRENLO » Mass related to jet thrust

 Width related to Jet widening

|IIII]IIII|IIIIIII

‘0: 01 02 03 04 05 06 07 08 09 1 \\
Ay s (LHA) (charged) 14 >
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11 Substructure Measurement at CMS
See Davide’s talk for more information

‘N-subjettiness = = - X primin {(8R1,)?, (ARs )%, ... (ARw, )}

i

_ (Ra)P
_ PhysRevD.9R.092014 35.9 10" (13 TeV) do = };PT,z (Ro)
T 45 “% Data CMS Preliminary
5 | —e— POWHEG+PYTHIA8 tt— lepton+jets I
% 4;— A —FSRup |BC|gSé\69 %t\sl
T — vV —FSRdown T “ ”
% 3.5 5. POWHEG:HERWIG 7 Probability” of ,
g -~ SHERPA 2
~ --=-- DIRE NLO
2] =
22_ |
1,55
= PR “Probability” of
oS0 o dentify jets with @ 2 ‘

]

S — 1| prong structure Q
003 03 04 0% 06 07 08 09 1  Useful for W/H/Z jet
) 15 /

MC/data

T, (charged identification
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l‘f Substructure Measurement at CMSo

1Ny, AN, / d Ty,

MC/data

*N-subjettiness
PhysRevD.98.092014
ysRevD 98.0920 35.9 fb! (13 TeV)
5
—&— Data CMS Preliminary
—e— POWHEG+PYTHIA 8 tt — lepton+jets
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4 vV —FSR down pT >30 GeV
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3 .. DIRENLO
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l‘f Substructure Measurement at CMSo

MC/data

1N, N, /dT,

*N-subjettiness

PhysRevD.98.092014
35.9 b (13 TeV
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lg3- _ ¥
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l‘f Substructure Measurement at CMS

See lan’s talk for more on 3-point correlations

*Energy Correlation Functions EF(N.A) =

* Similar to N-subjettiness « Cy sensitive to (N-1)

however there is no need pronged substructure of I
to pick a subjet axis

(U.U)

1

1/Ngy AN, /d C

MC/data

—
N

—
N

—y
o

jet
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0.5
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N 4
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l‘f Substructure Measurement at CMS

*Energy Correlation Functions
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m

2

1Ny dN,, /d N

MC/data

O

*Energy Correlation Function Ratios el = > ez,
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Jet Observables Studied by CMS: Summary

«Jet Mass

«Soft-Drop Grooming

*N-subjettiness
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JHEP11(2018)113
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Jet Flavor Variations )

» We can analyze different channels to
obtain samples enriched with each jet
flavor

* Top / Bottom Jets : t tbar events
* Gluon Jets : Dijet events

» Bottom Jets

Jet Flavors | Light Quark Jets

» Gluon Jets

1.0)
t deet /d C\ES

e

flavor 1/N.
incl

(light) (bottom)

MC/data MC/data MC/data
(gluon)

PhysRevD.98.092014
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*Energy Correlation Functions
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Jet Substructure Observables ]
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B
Comparison to Data .

» Soft Drop jet mass NLO + NLL +NP Phys.Rev.Lett. 121 (2018)
 Agree with data even in non-

perturbative regime

Ratio to Data (1/0ygsur) d/d log, 0[(ms°" P [ purere)
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Jet Mass

I Collinear-Soft function

d dogn . .
d—GQ - Z Dy Sc ik ® Ji + daﬁz' Finite Matching
me e | jet™™  Correction
/ function
Cross section of

quark or gluon
jet produced
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Generatlng Jets

- Hadron-hadron collision ~ ~ ® e
simulated by an MC
event generator

- Red dots: Hard
scatter

- Light green blobs:
Parton-to-hadron
transitions

- Dark green blobs:
hadron decays

- All decay products of one
or more hard scatters
can be clustered into a

single jet
- Experimentally measured NNLO PDFs
. . 1
jet energies should =Xt = 3 ‘/O dzydeo fi(w, p2) f;(vo, n%)
correspond to energy of : 5
hard parton from the X Fijxi. (n, w2 (Y 0562, 5. S )
calculation n% HE a
Calculated from Hard scatter matrix element s
* Assuming that your jet clustering algorithm is collinear and infrared safe, like Arl&@b[ch is used in this analysis. \\
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